We show here that translation of its polyprotein is initiated by internal entry of ribosomes on GBV-B RNA. We analyzed the translational activity of dicistronic RNA transcripts containing wild-type or mutated 5 nontranslated GBV-B RNA (5NTR) segments, placed between the coding sequences of two reporter proteins, in vitro in rabbit reticulocyte lysate and in vivo in transfected BT7-H cells. We related these results to a previously proposed model of the secondary structure of the GBV-B 5NTR (M. Honda, et al. RNA 2:955-968, 1996). We identified an internal ribosome entry site (IRES) bounded at its 5 end by structural domain II, a location analogous to the 5 limit of the IRES in both the HCV and pestivirus 5NTRs. Mutational analysis confirmed the structure proposed for domain II of GBV-B RNA, and demonstrated that optimal IRES-mediated translation is dependent on each of the putative RNA hairpins in this domain, including two stem-loops not present in the HCV or pestivirus structures. IRES activity was also absolutely dependent on (i) phylogenetically conserved, adenosine-containing bulge loops in domain III and (ii) the primary nucleotide sequence of stem-loop IIIe. IRES-directed translation was inhibited by a series of point mutations predicted to stabilize stem-loop IV, which contains the initiator AUG codon in its loop segment. A reporter gene was translated most efficiently when fused directly to the initiator AUG codon, with no intervening downstream GBV-B sequence. This finding indicates that the 3 limit of the GBV-B IRES is at the initiator AUG and that it does not require downstream polyprotein-coding sequence as suggested for the HCV IRES. These results show that the GBV-B IRES, while sharing a common general structure, differs both structurally and functionally from other flavivirus IRES elements.
GB virus B (GBV-B) is a recently identified member of the family
Flaviviridae that has yet to be classified within a specific genus (23) . Its genome was molecularly cloned from material taken from a tamarin that had been experimentally infected with a putative hepatitis agent (the GB agent) that had been passaged serially in this species. Although the inoculum used to infect the tamarins was originally derived from a human patient who was considered to have viral hepatitis (3) , there have been no reports of natural GBV-B infections in humans, tamarins, or, for that matter, any other animal species. However, cotton-top tamarins can be infected experimentally, and these animals develop an acute hepatitis consistent with molecular evidence that the virus is hepatotropic (21, 23) . The sequence of the GBV-B genome exhibits a putative genome organization similar to that of other members of the Flaviviridae, especially hepatitis C virus (HCV) (10, 23) . Moreover, its NS3 proteinase has been shown to share substrate specificity with the HCV proteinase (20) . GBV-B has a close phylogenetic relationship to HCV, although there is only ϳ28% amino acid identity with HCV across its entire open reading frame (10) . Because the host range of GBV-B extends to small New World primates that are not permissive for HCV infection, these features make GBV-B a particularly interesting virus to study.
Cap-independent translation of the HCV and pestivirus genomes is driven by an internal ribosome entry site (IRES) located within the 5Ј nontranslated RNA (5ЈNTR) (12, 16, 27, 29) . This IRES activity is critically dependent on the structure of the highly ordered 5ЈNTR in these viruses (15, 16, 28, 30) . The 5ЈNTR of GBV-B is predicted to fold into an RNA structure that is similar to that described for the 5ЈNTRs of HCV and the pestiviruses bovine viral diarrhea virus and classical swine fever virus (also known as hog cholera virus) ( Fig. 1) (1, 5, 6, 26) . Thus, it is likely to contain an IRES that is functionally similar to those in these other flaviviruses and to translate its genome by a cap-independent process.
Despite the similarities in the predicted structure of the 5ЈNTR of GBV-B and that of HCV and pestiviruses, there are some distinct differences (6) (compare Fig. 1a and b) (17) . First, there is substantial divergence from the HCV structure near the 5Ј end of the GBV 5ЈNTR. The sequence in this region has been predicted to form two stem-loops in GBV-B (Fig. 1a , stem-loops Ia and Ib) but only a single stem-loop in the HCV structure (Fig. 1b, stem-loop I ). This feature of the predicted GBV-B structure thus more closely resembles the structures predicted for the 5ЈNTRs of the pestiviruses (1, 4) . A second major difference is that the 5ЈNTR of GBV-B is 445 nucleotides (nt) in length and thus significantly longer than the 5ЈNTRs of either HCV or the pestiviruses (341 to 384 nt). The greater length of the GBV-B 5ЈNTR appears to be due to the presence of two additional stem-loops (Fig. 1a , stem-loops IIb and IIc) that are not present in the other flaviviral 5ЈNTRs (6) . These two stem-loops are located within domain II of the predicted GBV-B structure and likely within the putative GBV-B IRES, given the location of the IRES in the other flaviviruses (9) . It is of interest to determine whether these stem-loop structures are required for activity of the GBV-B IRES, since they are absent in the other flaviviral IRES elements. Finally, a third difference is that the GBV-B sequence, (5, 6) . Major predicted structural domains are labeled I to IV, while individual stem-loops are labeled Ia and are analogous to similarly labeled structures in the HCV 5ЈNTR. Base-pair interactions involving the loop sequence of stem-loop IIIf that are predicted to result in a putative RNA pseudoknot are drawn as solid lines. Lightly shaded boxes represent AUG triplets located within the 5ЈNTR, while the solid black box represents the polyprotein translation initiation site. The open box indicates a helical segment at the base of domain II, and open circles represent individual nucleotides that were subjected to site-directed mutagenesis in the studies described here. Unpaired bases within domain II that are conserved in domain II of the HCV structure are shown in boldface type. The 5Ј and 3Ј limits of the GBV-B IRES, as determined in this study, are indicated by the arrows. (B) Structure proposed for the HCV 5ЈNTR (3, 5, 6) . There are numerous similarities with the GBV-B structure but no predicted stem-loop structures analogous to the Ib, IIb, and IIc stem-loops of GBV-B.
like the HCV sequence, is predicted to form a stem-loop containing the initiator AUG codon at the 5Ј end of the open reading frame within its loop segment (Fig. 1a, domain IV) (6) . This structure is not present in the pestivirus sequences and has been suggested to play a regulatory role in HCV translation (6) . Its presence in the GBV-B structure is intriguing since it has been shown to be nonessential for HCV IRES activity.
In addition to these differences in their proposed structures,
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on August 28, 2017 by guest http://jvi.asm.org/ very little primary nucleotide sequence is conserved among the 5ЈNTRs of GBV-B, HCV, and the pestiviruses. However, despite substantial variation in the nucleotide sequence of basepaired segments, the short unpaired loop sequences of the complex stem-loop forming domain II of the GBV-B structure are identical to the homologous loop segments in both HCV and the pestiviruses (5). In addition, four unpaired adenosine residues, A 253 , A 392 , A 271 , and A 272 , which are located within internal loops of domain III, are entirely conserved between GBV-B, HCV (Fig. 1) , and the pestiviruses. Furthermore, the primary sequence of one small hairpin, stem-loop IIIe, is identical in GBV-B, HCV, and the pestivirus 5ЈNTRs. The conservation of these elements in these different viruses suggests an essential function in either replication or translation.
In an effort to better understand the functional correlates of these conserved 5ЈNTR elements, as well as the functional importance of differences in the structures proposed for these 5ЈNTRs, we have carried out a detailed mutational analysis of the GBV-B sequence. We show that this 5ЈNTR contains an IRES with activity approximating that of the HCV IRES and compare this novel translational control element with the other flavivirus IRES elements.
MATERIALS AND METHODS
Cells. BT7-H cells, which constitutively express T7 RNA polymerase (31), were grown in Dulbecco's modified eagle medium (Gibco BRL) supplemented with 10% fetal calf serum and 500 g (active compound) of geneticin (Gibco BRL) per ml.
Plasmids. pLuc-GBVB-CAT contains a cDNA insert representing nt 1 to 445 of the GBV-B sequence and was a generous gift from John Simons and Isa Mushahwar of Abbott Laboratories. To construct a dicistonic reporter plasmid with which we could assess the ability of the GBV-B 5ЈNTR to direct internal initiation of translation, the firefly luciferase fragment in pLuc-wt-CAT (R. C. A. Rijnbrand, P. J. Bredenbeek, P. C. J. Haasnoot, W. J. M. Spaan, and S. Lemon. unpublished data) was replaced by a PCR-amplified DNA fragment containing the coding sequence for renilla luciferase (rLuc). The HCV 5ЈNTR in the resulting construct was then replaced by a fragment amplified from pLuc-GBVB-CAT that contained the entire 5ЈNTR and AUG initiation codon of the GBV-B sequence to generate pRLuc-GBBϩ3-CAT. For convenience, this reporter construct is referred to as p-wt in the experiments described below (Fig. 2a) . It contains a T7 transcriptional unit in which the rLuc and chloramphenicol acetyltransferase (CAT) coding sequences are separated by the GBV-B 5ЈNTR sequence in the intercistronic space. A series of deletion mutants and additional plasmids containing point mutations within the GBV-B sequence were subsequently constructed from p-wt by PCR-directed mutagenesis or site-directed mutagenesis (QuickChange; Statagene) carried out on isolated restriction digestion fragments. The sequence of the mutated fragments was confirmed to exclude additional unwanted mutations before they were reinserted into the background of p-wt. Monocistronic reporter plasmids lacking the upstream rLuc coding sequence and the 5Ј 284 nt of the GBV-B 5ЈNTR were constructed by digestion of p-wt (or its derivatives) with SacII (located upstream of rLuc) and AgeI (located within the GBV-B 5ЈNTR), followed by blunting of the ends by T4 DNA polymerase and religation.
Recombinant DNA techniques were performed by standard procedures (19) . Restriction endonucleases, DNA polymerases, and T4 DNA ligase were obtained from Promega and New England Biolabs. Oligonucleotides were purchased from Genosys and Gibco-BRL.
In vitro translations. Plasmid DNA was transcribed in vitro from p-wt and its mutated derivatives by using T7 RNA polymerase, and the integrity of the resulting RNA transcripts was confirmed in agarose gels. In vitro translation reactions were carried out in rabbit reticulocyte lysates (Flexi-Lysate; Promega) programmed with these RNA transcripts (125 ng/10 l) and containing 80 or 125 mM KCl. Translation products were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12.5% gels and quantified by analysis with a PhosphorImager (Molecular Dynamics). The results indicate that the 5Ј limit of the IRES is located between nt 61 and 88, or close to the 5Ј limit of structural domain II (Fig. 1a) .
DNA transfection of BT7-H cells.
Nearly confluent BT7-H cells grown in 60-mm-diameter plastic dishes were transfected with plasmid DNA mixed with FuGENE 6 (Boehringer Mannheim). In a polypropylene tube, 100 l of OptiMEM (Gibco-BRL) and 6 l of FuGENE reagent were incubated for 10 min at room temperature prior to the addition of plasmid DNA (2 g) that had been purified on a QIAprep spin column (Qiagen). The mixture was incubated for an additional 15 min at room temperature, and 100 l was added directly to cells fed previously with 2 ml of growth medium. The cells were incubated for 20 to 24 h posttransfection at 37°C, then washed twice with phosphate-buffered saline, and harvested with a plastic scraper into 1 ml of TEN (40 mM Tris-HCl [pH 7.5], 1 mM EDTA, 150 mM NaCl). The suspended cells were collected by low-speed centrifugation at room temperature, resuspended in 125 l of 0.25 M Tris-HCl (pH 8.0), and lysed by three cycles of freeze-thawing. Cellular debris was removed by additional centrifugation immediately after the final freeze-thaw cycle.
Measurement of reporter protein activities. rLuc activity was measured in 20-l aliquots of cell lysate, using rLuc reagents from the Dual Luciferase reporter assay system (Promega). For measurement of CAT activity, 10 l of lysate was incubated at 60°C for 10 min to inactivate endogenous acetylase activity, then added to a mixture of 5 l of n-butyryl coenzyme A (200 g/ml), 100 l of 0.25 M Tris-HCl (pH 8.0), and 10 l of labeled D-threo[dichloroacetyl-1,2-14 C]chloramphenicol (50 to 60 mCi/mmol), and reincubated for 1 h at 37°C (30) . The activity was determined by liquid scintillation counting following xylene phase extraction.
RESULTS

Demonstration of the GBV-B IRES and mapping of its 5 border.
To confirm the existence of an IRES within the 5ЈNTR of GBV-B, the 5ЈNTR sequence was placed between the rLuc and CAT coding sequences to create vector p-wt (Fig. 2a) . A series of mutants derived from this plasmid contained large deletions that removed putative stem-loop structures near the 5Ј terminus of the GBV-B sequence (p⌬Ia, p⌬Ib, or p⌬Iab) or the first 88 nt of the 5ЈNTR (p⌬1-88). The CAT coding region in the RNAs transcribed from these plasmids can be translated only by internal initiation, a process dependent on the presence of an IRES within the intercistronic space. Thus, measurement of CAT expression from these transcripts allowed us to determine whether the GBV-B 5ЈNTR contains an IRES and, if so, whether the 5Ј 88 nt of the 5ЈNTR are necessary for this IRES activity. Figure 2b shows the results of in vitro translation reactions carried out in rabbit reticulocyte lysates programmed with these RNAs; Fig. 2c shows the level of CAT expression relative to rLuc expression in transfected BT7-H cells. These cells constitutively express T7 RNA polymerase and produce uncapped cytoplasmic transcripts from plasmids containing T7 transcriptional units (31) . The level of CAT expression was examined in relation to the quantity of rLuc expressed from the upstream cistron of the transcripts in this and most of the experiments that follow, as rLuc provided a convenient measure of the quantity of RNA available for translation.
The results shown in Fig. 2b and c show that the GBV-B 5ЈNTR contains an IRES. The activity of this IRES was comparable to that of the HCV IRES when the HCV 5ЈNTR was inserted in a similar context between the rLuc and CAT coding sequences, with the CAT sequence fused directly to the HCV initiator AUG codon (data not shown). Both in vitro and in vivo, the removal of the most 5Ј stem-loop within the GBV-B 5ЈNTR (stem-loop Ia) resulted in a slight enhancement of translation of the downstream CAT cistron relative to the upstream rLuc cistron (compare wt [wild type] with ⌬Ia in Fig.  2b and 2c). These results are reminiscent of a similar increase in HCV and pestiviral IRES activity that has been observed upon removal of the analogous structure from these 5ЈNTRs (7, 8, 15, 16) . In contrast, removal of either hairpin Ib or the combination of Ia and Ib resulted in a minimal (20 to 30%) decrease of translation in BT7-H cells (Fig. 2c , ⌬Ib and ⌬Iab) while having a similar effect on CAT synthesis in vitro (Fig.  2b) . These results indicate that sequences located 5Ј of nt 61 are not necessary for activity of the GBV-B IRES. However, deletion of nt 1 to 88 almost completely eliminated translation of CAT from the downstream reading frame in BT7-H cells (Fig. 2c , ⌬1-88) and reduced translation to 19% of the wt level in reticulocyte lysate (Fig. 2b) . Thus, the 5Ј limit of the IRES is located between nt 61 and 88. As shown in Fig. 1a , this segment includes the putative helix at the base of the large complex stem-loop forming domain II of the GBV-B 5ЈNTR. These data are therefore consistent with the involvement of the domain II structure in the GBV-B IRES.
Each of the stem-loop structures in domain II is required for efficient GBV-B IRES activity. The most striking difference between the GBV-B 5ЈNTR that of HCV is the presence of a large insertion that has been proposed to form two additional hairpin structures (stem-loops IIb and IIc) within domain II (6) (Fig. 1a) . Although the upstream stem-loop IIa of GBV-B shares significant structural similarities and even limited primary sequence identity with the most 5Ј stem-loops in the IRESs of HCV and the pestiviruses (5), these two hairpins in GBV-B have no counterparts in the 5ЈNTRs of these other viruses. To determine their role in IRES-mediated translation, we evaluated the translational efficiency of dicistronic transcripts with deletions of hairpin IIa, IIb, or IIc (Fig. 3a , ⌬IIa, ⌬IIb, and ⌬IIc, respectively). In addition, we evaluated a mutant that lacks both hairpin IIb and IIc and that thus possesses a putative structure that superficially looks much like that found in HCV (Fig. 3a, ⌬IIbc) . Each of these mutant transcripts showed significantly reduced IRES activity, both in vitro in reticulocyte lysates (Fig. 3c ) and in vivo in transfected BT7-H cells (Fig. 3d) . In BT7-H cells, the activity of the IRES was reduced to approximately 15% of the wt level with the ⌬IIa and ⌬IIb transcripts and to about 30% of the wt level with ⌬IIc. The mutant lacking both IIb and IIc (⌬IIbc) translated at approximately 20% of the wt level. The inhibition of translation following removal of stem-loops IIb and IIc was somewhat less pronounced in the in vitro translation reaction (Fig. 3c) . However, in aggregate, these results indicate that all three hairpin structures are required for optimal IRES activity.
To determine the requirement for base pairing within the putative helix located at the base of domain II (Fig. 1a) , we made a series of point mutations in the involved RNA segments (Fig. 3b) . Mutations altering the sequence between nt 63 and 68 (mutant IIL) or nt 231 to 236 (mutant IIR) substantially disrupt this helix (Fig. 3b) . The combination of these mutations in mutant IILR fully restores the potential for base pairing in this helix, with a predicted free energy that is virtually identical to that of the wt helix. The translational activity of the IRES in these mutants was significantly reduced both in vitro and in vivo ( Fig. 3c and d) . In BT7-H cells, the IRES activity of the IIL transcripts was approximately 50% of that of the wt, while IIR activity was only 10% of the wt activity. The combination of the two sets of mutations in IILR resulted in IRES activity that was approximately 65% that of wt. Thus, the insertion of the complementary IIL mutations into IIR resulted in an eightfold increase in the IRES activity of IIR. Similar results were obtained for reticulocyte lysates (Fig. 3c) , although the level of complementation was somewhat greater. These results confirm the existence of the helix at the base of domain II and demonstrate its importance for IRES-mediated translation. They are remarkably similar to results obtained in mutational analyses of the HCV IRES. With the HCV IRES, mutations involving only the 5Ј segment of the analogous helix at the base of domain II had a lesser effect on translation than mutations involving the 3Ј segment of the helix (5) .
IRES requirement for conserved domain III sequences. Although there is only limited primary sequence relatedness between the 5ЈNTRs of GBV-B and HCV (10), the structure of domain III appears remarkably conserved between these viral IRESes (compare Fig. 1 ). This makes it likely that the stemloops that contribute to domain III are essential for GBV-B IRES-mediated initiation of translation, as the analogous structures have been shown to be for HCV (7, 15) . However, previous studies of the HCV IRES did not address the requirements for stem-loop Ille. Interestingly, the primary nucleotide sequence of this hairpin structure is absolutely conserved between these two viruses, both in the stem and in the loop (compare the GBV-B and HCV structures in Fig. 1a and b) . This makes it unique among the hairpin structures in the GBV-B IRES. To determine whether this reflects a requirement for IRES-mediated translation, we created mutations in the stem and loop sequences of IIIe within the dicistronic GBV-B construct. The nucleotide sequences of the 5Ј and 3Ј strands of the helix were individually altered to disrupt base pairing in the IIIe-L and IIIe-R mutants, while the reversal of the sequences of both strands in IIIe-LR restored the potential for base-pair formation (Fig. 4a) . Both in vitro and in vivo, each of these mutants was devoid of significant IRES activity (Fig. 4b and c) . Similar results were obtained with a mutant involving the stem-loop IIIe loop sequence, in which there were substitutions of three of the four loop nucleotides (Fig.  4a, IIIe-O) . The IRES activity of this mutant was at background levels (Figs. 4b and c ). These data demonstrate that domain III is critical for activity of the GBV-B IRES, as it is with HCV (7, 15) . However, they also indicate that the primary sequence of both the stem and loop of IIIe are essential for IRES activity. The absence of translational activity in the IIIe-LR mutant, in which the potential for stem formation is preserved (Fig. 4a) , may explain the absence of variation in the sequence of this putative helix among different flaviviruses, in contrast to other helical structures in domain II and III (1) .
Another remarkable similarity between the GBV-B and HCV and pestivirus IRESes is the preservation of four unpaired adenosine residues within domain III, at positions 253, 271, 272, and 392 of the GBV-B structure (Fig. 1a and b) . Interestingly, the unpaired adenosines at positions 253 and 392 are flanked by conserved base pairings on both sides and thus form a small, well-conserved internal loop that is in close proximity to the pseudoknot. To test whether this sequence conservation is driven by requirements of the IRES, we altered the conserved adenosines and, in addition, the conserved, base-paired nucleotides that flank them in the wt dicistronic GBV-B construct. The adenosines at positions 253 and 392 were individually changed to uridines in the mutants IIIA-L and IIIA-R, respectively, in each case replacing the internal loop with either a U-A or an A-U base pair (Fig. 5a ). The combination of both mutations (IIIA-LR) resulted in the apposition of two uridines at this locus that, like the wt adenosines, are unable to form a conventional Watson-Crick base pair and thus likely to recreate an internal loop (Fig. 5a) . The IRES activity of all three mutants was at background levels, both in vitro and in vivo ( Fig. 5c and d) .
Similar results were obtained with substitutions involving the conserved base pairs (G 252 :C 393 and G 254 :U 391 ) that flank these adenosine residues. The change of G 252 3C in combination with G 254 3U (Fig. 5a , IIIs-L) or C 393 G in combination with U 391 3G (Fig. 5a , IIIs-R) should result in a severe distortion of the stem and further open the internal loop (Fig. 5a ). Not surprisingly, both mutations severely impaired IRES-directed translation in vitro and in vivo ( Fig. 5c and d) . The combination of these two sets of mutations restores the potential for base pairing adjacent to the unpaired adenosines (Fig.  5a , IIIs-LR) but resulted in only a marginal restoration of IRES activity (Fig. 5c and d) . These results are not surprising, since these base pairs are highly conserved among different flaviviruses. However, we observed a similar effect when we altered the base pair G 256 :C 289 , which is not conserved in the HCV and pestivirus structures (1, 6) (compare Fig. 1a and b) . This mutant was not evaluated in BT7-H cells, but it had negligible IRES activity in rabbit reticulocyte lysates (Fig. 5c,  NC) . These results indicate that both the internal loop formed by the unpaired adenosines and the primary sequence of the flanking base-paired segments at the base of domain III are critical for activity of the GBV-B IRES.
Similarly, the unpaired adenosines at nt 271 and 272 of the GBV-B sequence, which are conserved in HCV (compare Fig.  1a and b) and the pestiviruses, are also essential for IRES activity. An additional mutant in which these two adenosine residues were substituted with U and C, respectively (Fig. 5b , IIIa-⌬AA), had little more than background translational activity, both in vitro and in vivo ( Fig. 5c and d) .
GBV-B IRES activity is not dependent on polyprotein-coding sequence. Reynolds et al. (13) suggested that approximately 32 nt of the HCV polyprotein-coding sequence is required downstream of the initiator AUG for efficient HCV IRES-mediated translation. If this is correct, the strong functional and structural similarities that are evident between the HCV and GBV-B 5ЈNTRs suggest that this might also be true for GBV-B. To assess this possibility, we altered the cistron downstream of the GBV-B IRES in p-wt to include 14, 38, or 63 nt of the GBV-B polyprotein-coding sequence, fused in frame at the 5Ј end of the CAT sequence (Fig. 6a, ϩ14, ϩ38 , and ϩ63). Since the wt construct contains an AUG codon in the same position as the AUG of the GBV-B open reading frame, it should be considered to contain 3 nt of the coding sequence in these experiments. With each of these constructs, both rLuc and CAT translation were readily detectable in rabbit reticulocyte lysates (Fig. 6b ) and in transfected BT7-H cells (Fig. 6c) .
However, both in vitro and in vivo, GBV-B IRES activity was greatest in the absence of any GBV-B coding sequence other than the initiator AUG codon. The activity of the IRES within the context of RNAs containing 14, 38, or 63 nt of the GBV-B coding sequence was less than that observed with the wt construct (Fig. 6b and c) . We did not determine whether the amino-terminal fusion of short GBV-B polypeptide sequences to CAT could have reduced the specific activity of the reporter enzyme expressed from the ϩ14 and ϩ38 constructs in BT7-H cells (Fig. 6b) . However, such an effect would not explain the reductions observed with these constructs in IRES-mediated translation of 35 S-labeled CAT protein in reticulocyte lysates (Fig. 6b) . These results indicate that the 3Ј limit of the minimal GBV-B IRES is located at the initiator AUG codon. Contrary to what has been claimed for HCV (13) , the GBV-B IRES has no specific requirement for polyprotein-coding sequence.
Stem-loop IV is inhibitory for IRES-directed translation. The preceding experiment demonstrated that RNA transcripts containing 14 nt of the GBV-B coding sequence downstream of the IRES were translated with reduced efficiency, compared with those lacking any polyprotein-coding sequence other than the AUG. Interestingly, the ϩ14 RNA transcripts contain a complete domain IV stem-loop, while this structure is lacking in the wt transcripts that do not contain any GBV-B coding sequence other than the AUG (Fig. 1) . It is likely that the presence of this stem-loop accounts for the reduction in the translational activity of the ϩ14 transcripts compared to the wt transcripts (Fig. 6) . We recently demonstrated that slight increases in the predicted stability of stem-loop IV in the HCV sequence drastically reduce IRES efficiency (6) . The GBV-B initiator codon appears to be located within the loop segment of a very similar hairpin (compare Fig. 1a and b) . Although the putative GBV-B stem-loop IV has a predicted stability lower than that calculated for stem-loop IV of HCV (Ϫ3.1 kcal/mol versus Ϫ5.4 kcal/mol), it was of interest to determine whether a similar relationship exists with respect to the GBV-B IRES. Significantly, this structure is not present in the pestiviral sequences (6, 25) .
To determine whether the stability of structure IV in the GBV-B sequence influences the translational efficiency of the IRES, we introduced into the background of the ϩ14 construct additional nucleotide changes that were predicted to either increase or decrease the stability of the stem-loop [ Fig. 7a , IV(ϩ), Ϫ12.9 kcal/mol, and IV(Ϫ), Ϫ1.4 kcal/mol] or to generate an alternative structure with only a slightly increased predicted stability [Fig. 7a , IV(Ϯ), Ϫ3.4 kcal/mol]. Since the experiment shown in Fig. 6 demonstrated that the 3Ј limit of the IRES is located at or upstream of the AUG codon, each of these stem-loop IV substitutions was introduced 3Ј of the AUG codon. In addition, the substitutions were made at least 6 nt into the coding sequence in an effort to minimally perturb the context of the AUG codon. In the in vitro translation reaction, the activity of the IRES of the IV(ϩ) mutant was reduced to background levels (Fig. 7b, left panel) . In contrast, mutant IV(Ϫ), in which stem-loop IV was ablated, demonstrated IRES activity that was approximately equivalent (71%) to that of the wt sequence. The third mutant, IV(Ϯ), in which stem-loop IV was replaced with structure of slightly greater stability, had 28% of the wt translational activity in vitro (Fig.  7b, left panel) . A reduction in translation was also observed with the IV(ϩ) construct in transfected BT7-H cells (Fig. 7c) , while the IV(Ϯ) construct had greater translation activity than the wt sequence (ϩ14). These results are reminiscent of what has been described previously for the HCV IRES (6). Stemloop IV is not required for efficient GBV-B translation, but translation is substantially inhibited by mutations that are predicted to increase its stability.
To rule out the unlikely possibility that the reduction in translation observed with the IV(ϩ) transcripts was due to the inability of scanning 40S ribosomes to penetrate the stabilized stem-loop IV structure and reach the AUG codon, we analyzed the translational activity of stem-loop IV mutants in the context of monocistronic RNA transcripts in which the 5Ј 284 nt of the GBV-B sequence (that is, the sequence up to stemloop IIIa) was deleted [ Fig. 7b , right panel, ⌬5Јϩ14, ⌬5ЈIV(Ϯ), and ⌬5ЈIV(ϩ)]. This 5Ј deletion removes most of the IRES structure from these transcripts, preventing internal entry of the ribosome on these RNAs. However, even though these monocistronic RNAs retain two additional AUG codons upstream of the authentic initiator codon (at nt 355 and 365 [ Fig.  1a] ), the CAT reading frame is translated at a detectable level, probably by a mechanism involving the bypass of upstream AUG codons by scanning ribosomes. In rabbit reticulocyte lysates, we observed no differences in the translational activities of the ⌬5Јϩ14, ⌬5ЈIV(Ϯ), and ⌬5ЈIV(ϩ) transcripts (Fig.  7b, right panel) . The quantity of CAT produced in reticulocyte lysates programmed with the ⌬5ЈIV(ϩ) transcripts was 85% of that produced in lysate programmed with the ⌬5Јϩ14 RNA. These results contrast with those shown in Fig. 7b , left panel, and 7c, and they indicate that the stabilized stem-loop IV in the ⌬5Ј14(ϩ) transcript is readily penetrated by a scanning 40S subunit. The stem-loop IV(ϩ) mutation effectively eliminated IRES-directed translation (Fig. 7b , left panel, and 7c) but had no impact on translation initiated by ribosomes scanning from the 5Ј end of the truncated ⌬5ЈIV(ϩ) transcripts (Fig. 7b, right  panel) . Taken together, these data indicate that the 40S subunit does not scan into the stem-loop IV segment of the GBV-B sequence from an upstream point of contact during IRES-directed translation. The strong inhibition of IRES-mediated translation by stabilization of stem-loop IV indicates instead that the 40S subunit forms an important contact with GBV-B RNA directly at the site of the initiator AUG codon.
DISCUSSION
GBV-B is a recently discovered, incompletely characterized virus belonging to the family Flaviviridae and phylogenetically closely related to HCV (10, 24) . Like HCV, it is hepatotropic and capable of causing acute hepatic injury in infected primates. Although recovered from an experimentally infected tamarin, only a single example of this virus has yet been identified, and its natural host species remains uncertain. The close relationship of GBV-B to HCV, a major cause of chronic liver disease in humans, makes it a particularly interesting virus to study, especially in the absence of good experimental systems for HCV. In contrast to the more distantly related flaviviruses GB virus A and GB virus C (otherwise known as hepatitis G virus), the 5ЈNTR of GBV-B has significant structural homology to HCV and its genome encodes a readily identifiable capsid protein (6, 9, 22) . The experiments described here show that GBV-B, like HCV and the pestiviruses, translates its genome by means of an efficient IRES element located within its 5ЈNTR.
Our results indicate that the GBV-B IRES has a number of structural and functional features in common with the HCV IRES, but they also demonstrate some impressive differences between these IRES elements. The experiments depicted in Fig. 2 and 6 demonstrate that the IRES spans domains II and III of the GBV-B 5ЈNTR structure and thus occupies a position that is analogous to the position of the HCV IRES within the 5ЈNTR of that virus. Placed within the same reporter sequence context, these two flaviviral sequences have approximately equal translational activities (data not shown). The GBV-B and HCV structures are remarkably similar, despite the fact that there is very little conservation of primary nucleotide sequence between these viruses (5, 6, 9, 10).
The most impressive difference between the two predicted structures is the inclusion of a large, approximately 97-nt insertion within domain II of the GBV-B 5ЈNTR. Computer modeling suggests the inserted sequence forms two extended stem-loop structures (Fig. 1a , stem-loops IIb and IIc) that are absent from the IRESes of HCV and the pestiviruses (6, 9) . Although the deletion of these two stem-loops is likely to result in a structure with greater superficial similarity to the structure of the HCV IRES, we demonstrated that the retention of the two stem-loops is essential for optimal GBV-B IRES activity (Fig. 3) . The deletion of these stem-loops from the GBV-B sequence resulted in less impairment of translation in reticulocyte lysates than in BT7-H cells, but the effect was evident in both systems. These results are of interest with respect to a possible evolutionary relationship between the GBV-B and HCV IRES elements. It is intriguing to speculate that the GBV-B structure may be more closely related to the structure of a common ancestral IRES. Evolutionary modifications to the HCV structure appear to have allowed it to overcome the deletion of stem-loops IIb and IIc and to evolve toward a smaller, more compact sequence with approximately equivalent internal ribosome entry activity.
The analysis of compensatory mutations that were created within the extended helix at the base of domain II of the GBV-B structure (Fig. 3) provides support for the secondary structure model we had proposed previously (6) . Substitutions of the nucleotide sequence between positions 231 and 236 resulted in a strong decrease in translation. The translational activity of this mutant was significantly restored by introduction of the complementary changes into the sequence between nt 63 and 68 (Fig. 3) . This observation confirms the presence of the predicted helical segment at the base of domain II (Fig.  1a) . There was less reduction in translation that was observed with the disruption of the helix due to substitutions within its 5Ј strand, between nt 63 and 68, than in its 3Ј strand, between nt 231 and 236 (Fig. 3 , compare the translational activity of IIL with that of IIR). This indicates that retention of the primary nucleotide sequence is more important in the 3Ј segment of this helix than in the 5Ј segment. This may reflect stochastic alternative base pairing that allows the partial retention of IRES activity with the 5Ј mutations, but it is interesting that we have observed a similar effect with analogous mutations of domain II of the HCV IRES (5). Thus, this appears to be a general feature of the domain II structures of the flavivirus IRESes.
In general, mutations in domain III of the GBV-B IRES had much more profound inhibitory effects on translation than mutations in domain II (for example, compare Fig. 3 with Fig.  4 and 5) . We identified several base-paired helical segments in domain III within which the primary nucleotide sequence was critically important and could not be replaced with alternative base-pair arrangements. In contrast to the helix at the base of domain II (Fig. 3) , replacing the stem element of stem-loop IIIe with complementary base-paired sequences led to nearly complete loss of translation (Fig. 4) . This hairpin structure is unique in that its primary nucleotide sequence is conserved in both its stem and loop segments between the IRES elements of GBV-B, HCV, and the pestiviruses (9) . Similarly, we found that the nearby nonpaired A 253 and A 392 residues could not be replaced either singly or as a pair by uridine residues and that base pairs flanking the internal bulge created by these unpaired adenosines could not be replaced by alternative base pairs (Fig.  5) . These results are consistent with a recent report by Pestova et al. (11) , who found that a deletion of 4 nt that included an adenosine homologous to the A 253 in GBV-B resulted in a loss of ribosome binding by a pestivirus IRES. Together, these data indicate a strict requirement for conservation of the primary nucleotide sequence in this part of the IRES. This strict conservation for sequence is likely to reflect a stringent requirement for an RNA structure that is conducive to interactions with the 40S ribosome subunit or a protein translation factor (11) . An alternative interpretation of the results shown in Fig.  5 might be that the model structure is incorrect in this region of the IRES and that the compensatory mutations we created in the GBV-B sequence do not involve actual base pairs. This is unlikely to be the case, however, because there is very strong experimental evidence for the existence of the pseudoknot in these structures and substantial natural sequence covariation in stem-loop IIId, structures that flank this region (Fig. 1) (9,  16, 28) .
A similar explanation is likely for the strong inhibition of translation that we observed following the modification of the broadly conserved A 271 and A 272 residues in the GBV-B IRES (Fig. 5 , mutant IIIa-⌬AA). Eucaryotic translation initiation factor 3 has been shown to interact with the apical segment of the domain III structures of both HCV and pestivirus IRES elements (2, 11, 25) . Since these two adenosines are located just upstream of stem-loop IIIa (Fig. 1a) , it is possible that these substitutions interfered with an interaction between the GBV IRES and eucaryotic initiation factor 3. This initiation factor is essential for translation of the HCV polyprotein (11) .
All of the foregoing results show that the GBV-B IRES has a number of features in common with the IRES elements of HCV and the pestiviruses. Because there has been considerable controversy about the 3Ј limits of the IRES in HCV and the pestiviruses, we examined this aspect of the GBV-B IRES in detail. Reynolds et al. (13) reported that approximately 32 nt of HCV polyprotein-coding sequence must be present downstream of the HCV 5ЈNTR to ensure optimal translation and have suggested an important role for the primary nucleotide sequence of this segment in the process of internal ribosome entry. However, the HCV IRES does function efficiently when the initiator AUG is fused directly to some reporter protein sequences (Fig. 2) (27, 29) , and other results suggest that the constraints on downstream sequence are more related to a requirement for unstructured RNA rather than a requirement for specific sequence (6) . The results of the experiments depicted in Fig. 6 and 7 strongly support this latter hypothesis.
Taken together, our results indicate that the 3Ј border of the GBV-B IRES element is located at or 5Ј of the AUG codon (strictly speaking, between stem-loop IIIe and the AUG codon, or between nt 403 and 446) (Fig. 4 and 6 ). The inclusion of 14, 38, or 63 nt of GBV-B polyprotein-coding sequences between the AUG codon and the CAT reporter coding sequence in the ϩ14, ϩ38, and ϩ63 constructs significantly reduced IRES activity compared to the wt construct (Fig. 6) . The reduction in translation upon inclusion of the 5Ј 14 nt of the GBV-B capsid protein coding sequence was due to the inclusion of the complete stem-loop IV sequence in these transcripts. This stemloop, which contains the AUG initiator codon within its loop sequence (Fig. 1a) , thus appears to be inhibitory to initiation of translation. As with the analogous stem-loop in the HCV sequence (6), we found that mutations predicted to enhance the stability of this stem-loop substantially reduced the activity of the upstream IRES (Fig. 7) .
However, RNA transcripts with a large 5Ј-terminal deletion and containing similar stabilizing mutations in the stem-loop IV sequence translated as well as transcripts with the wt stemloop IV (Fig. 7) . Thus, this structure is inhibitory only for ribosomes that are entering internally on the RNA and not for ribosomes that are scanning toward it from a more 5Ј point of contact. These data provide strong evidence for the absence of any scanning in the normal internal initiation of translation on GBV-B RNAs and, as for the RNAs of HCV and the pestiviruses, suggest that the 40S subunit makes an important primary contact at the site of the initiator AUG codon (6, 14, 18) . The presence of stem-loop IV in both the GBV-B and HCV sequences ( Fig. 1) remains puzzling. Its location and its suppressive effect on cap-independent translation suggest that stemloop IV may plan an important role in regulating translation (6) . However, no data have yet confirmed this hypothesis. The presence of this stem-loop in GBV-B and HCV, but not the pestiviruses which have been increasingly used as surrogates for the study of HCV (6) , highlights the potential importance of further characterizing the GBV-B virus and its genome.
